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Abstract

It is important to understand the cycle of baryons through the circumgalactic m@iiiv) in the context of

galaxy formation and evolution. In this study, we forecast constraints on the feedback processes heating the CGM
with current and future SunyaeXeldovich (S2) observations. To constrain these processes, we use a suite of
cosmological simulations, the Cosmology and Astrophysics with MachinE Learning Simul(@BRKEELS).

CAMELS varies four different feedback parameters of two previously existing hydrodynamical simulations,
lllustrisTNG and SIMBA. We capture the dependences of SZ radialgzron these feedback parameters with an
emulator, calculate their derivatives, and forecast future constraints on these feedback parameters from upcoming
experiments. We nd that for a galaxy sample similar to what would be obtained with the Dark Energy
Spectroscopic Instrument at the Simons Observatory, all four feedback parameters can be céssinaimgthin

the 10% levél indicating that future observations will be able to further restrict the parameter space for these
subgrid models. Given the modeled galaxy sample and forecasted errors in this wonl that the inner Sz

pro les contribute more to the constraining power than the outetgstarinally, we nd that, despite the wide

range of parameter variation in active galactic feedback in the CAMELS simulation suite, we cannot reproduce the
thermal SZ signal of galaxies selected by the Baryon Oscillation Spectroscopic Survey as measured by the
Atacama Cosmology Telescope.

Uni ed Astronomy Thesaurus concegifrcumgalactic mediunil879; Sunyaev-Zeldovich effe¢i654;
Hydrodynamical simulation&67)

1. Introduction the disks of galaxies from the intergalactic med{i&M) and
: L CGM, interacting with the central parts of the galaxy to affect
Galaxy formation and evolution is a large, unsolved problem processes such as star formation and evolution, and then

of modern extragalactic astronomy. It is a diflt problem to returning to the CGM and IGM through various feedback

tackle, as multiwavelength observations are needed to fu”Ychannels. An understanding of these feedback mechanisms is

map the galactic components _and the processes ocpurring iBxtremely important to galaxy formation, but is diilt to
each component. An upcoming method for studying the gchieve due to the complexity and uncertainty of the baryonic
guestions of galaxy formation and evolution involves using processes affecting the thermodynamics of the gas.
observations and simulations of the circumgalactic medium pye to its diffuse nature, the CGM is diult to observe.
(CGM). The CGM consists of a large reservoir of multiphase Traditionally, the main observational technique is through
gas surrounding galaxies, extending out to possibly hundredsabsorption line studiege.g., Lanzetta et all995 Chen et al.
of kiloparsec. It is a very important component of galactic 1998 Tumlinson et al2011; Rudie et al2012 Tumlinson et al.
structure, and is believed to act as a medium through which the2013 Werk et al.2014 Chen et al.201§ Lan & Mo 2018

ow of material in and out of galaxies cycisee Tumlinson  Zahedy et al.2019 Wilde et al. 2021, but as instruments

et al.2017for a review. This cycle includes gas falling onto improve, we are able to study it in emission as wWelg.,
Borisova et al2016 Emonts et al2016 Ginol et al. 2017

- . Arrigoni Battaia et al2018 Wisotzki et al.2018 Leclercq et al.
| from th k h o
Original content from this work may be used under the terms 202Q Zabl et al.202]). Additionally, an emergent method for

of the Creative Commons Attribution 4.0 licendeny further . 4 . : .
distribution of this work must maintain attribution to the augg)and the title studying the CGM is with the observation of the cosmic

of the work, journal citation and DOI. microwave background (CMB). Secondary anisotropies
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measured in the temperature of the CMB due to the Sunayaev Combining the tSZ and kSZ measurements results in
Zeldovich (S2) effect (Sunyaev & Zeldovich1970 can vyield complete thermodynamic information of the CGBhttaglia
information on the CGM pressure and density through theet al. 2017 that we can use to provide constraints on the
thermal (tS2 and kinetic (kSZ) Sz effects, respectively physical processes governing galaxy evolution. While we are in
(Sunyaev & Zeldovicl1972 1980. A few examples of recent an era of increasingly high-resolution observations, analytic
results include tSZ observations of galaX@®sacek et aR017, models and simulations have become an integral part of
Koukou lippas et al202Q Tanimura et al202Q Meinke et al. developing and testing theory against observations. There has
2021, Pratt et al.2021), joint tSZ and kSZ cross-correlation been signicant progress in studying galaxy formation and
measurements of massive galaxieszat0.5 (Schaan et al.  evolution (including the CGM using analytic modelge.g.,
2021, and joint X-ray and tSZ observatiof®ngh et al2021]). Voit et al. 2017 Faerman et al202Q Stern et al.202Q

The tSz effect describes the increase in CMB photon Fielding & Bryan2022 and hydrodynamical simulatiofs.g.,
energies due to inverse Compton scattering off ionized Oppenheimer & Dav&008 Oppenheimer et aR01Q Ford
electrons in galaxies and galaxy clusters. This effect produce®t al.2013 Anglés-Alcazar et aR017h Fielding et al.2017
distortions in the blackbody spectrum of the CMB as a function Hummels et al2017 Suresh et al2017 Oppenheimer et al.
of frequency with an amplitude proportional to the line-of-sight 2018 Hafen et al.2019 Fielding et al.202Q Vogelsberger
(LOS) integral of the electron pressure. The tSZ effect equationet al.2020), including recent attempts to enhance resolution in

has the form CGM simulations(Hummels et al2019 Peeples et ak019
W (0 Suresh et al2019 van de Voort et al2019.
—2  f()y0), R Recent hydrodynamical simulations are able to produce
Tems (1) halos with realistic CGM properties compared to observations
y(R o P(m) dI' (e.g., Nelson et al2018a Peeples et aR019 Nelson et al.
Mme@ LOS A 202Q Byrohl et al.2021), but phenomenological models are

required to account for astrophysical processes that occur on

where T( ) is the shift in temperature measured as the tSZ scales not resolved by the simulations, such as star formation,
signal, Tcmg is the temperature of the CMBf(Q supernovae, and supermassive black h¢®&BH). Thus,

xcoth(x/2 4 is the spectral function witk N0 his there has been much recent work testing these subgrid physical

ke T processes and how they result in properties we can observe,

i cMB |
the Planck constanks is the Boltzmgn_n constany( ) is the such as the thermodynamics of the CGAMnodeo et al2021
Compton-y parameter measured within an angular aperture | ot al. 2021 Schaan et aR021; Kim et al. 2022

7 is the Thomson-scattering cross sectiogjs the electron An ambitious effort to this end has begun through the
mass, ¢ is the speed of lighd(2) is the angular diameter  Cosmology and Astrophysics with MachinE Learning Simula-
distance at redshift, andP. is the electron pressure. tions (CAMELS) project (Villaescusa-Navarro et aR021,

The kSZ effect describes the Doppler shift of CMB photons 2022. CAMELS is a large suite of simulations varying astro-
scattering off free electrons in galaxies and clusters withphysical and cosmological parameters, providing an explora-
nonzero peculiar velocity with respect to the CMB rest frame. tory environment to show the effects of each set of parameters
This causes Doppler shifts in the CMB temperature that areon halo properties. The suite includes bidtbody simulations
directly related to the peculiar momentum, and are proportionaland (magnetghydrodynamical simulations varying the cos-
to the LOS integral of the peculiar velocity multiplied by the mology and subgrid physics of the lllustrisTNSelson et al.
electron number density. The kSZ effect equation has the fornpo18h Marinacci et al.2018 Naiman et al2018 Pillepich

oF T et al. 2018 Springel et al.2018 Nelson et al.2019 and
e Yrfydl SIMBA (Davé et al.2019 simulations. Feedback processes
Tevs C Los , (2 within galaxies and halos are poorly understood, so the
U) Rt " Tne(y? d2(2 2)dl R CAMELS suite provides siml_JI_ations_ to explore the parameter
LOS space of all of these quantities within two well-established

where n, is the electron number density, is the peculiar S|mulat!on framework;. ;

e i . P In this paper, we aim to study how different models and
velocity, and (') is the optical depth. Over the past decade, gegnack amplitudes affect the thermodynamics of the CGM
there has been an emergence of kSZ detections on galaxysing the CAMELS simulations, and whether future observa-
samples(e.g., Hand et al2012 Hill et al. 2016 Planck tions can be used to further constrain subgrid feedback models.
Collaboration et al2016 Schaan et al2016 Soergel et al. ~ We discuss our methods in Sect@riThe methods include the
2018 De Bernardis et al2017 Calafut et al.2021; Kusiak calculation of three-dimensional thermodynamic fg® and

et al. 2021, Schaan et aR021;, Tanimura et al2021, 2022. the projection of the simulated pies into SZ proles. We
Certain kSZ estimators allow for the separatiomgofrom v, describe our results in Secti@n including an exploration of
via the cross-correlation of the CMB with a reconstructed the constraining power of future pie observations in
peculiar velocity eld from a galaxy surveye.g., Ho et al. Section3.1 and the comparison of the CAMELS-simulated

2009. Signi cant kSZ measurements using these cross-P les to observed prdes i.n Sectior3.2 A discussion and
X conclusions are presented in Secton

correlation estimators were made using spectroscopic galaxy
samplegSchaan et ak016 2021 and were used to measure
the average electron density pi® of these galaxie@modeo 2. Methods

et al. 2021). Thus, for this paper, we consider the density = Here we provide more details on the simulations we use in
pro le as the observable from the kSZ signal, which alone Section2.1, along with our methods for calculating ptes in
already probes the CGlg.g., Shao & Fang@016. Section2.2 We describe the methods for deriving the o
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Table 1
Values of the Three Properties Interpolated by the Emulators
Feedback Parameters Mass Bins Redshifts
Asni and Aagni Asnz and Aagnz CAMELS CMASS CAMELS CMASS
0.25, 0.33, 0.44, 0.57, 0.50, 0.57, 0.66, 0.76, 11.0-11.5-12.0- 12.12°13.98 0.00, 0.05, 0.10, 0.15, 0.54
0.76, 1.00, 1.32, 1.74, 0.87, 1.00, 1.15, 1.32, 12.3-13.1 0.21, 0.27, 0.33,
2.30, 3.03, 4.00 1.52, 1.74, 2.00 0.40, 0.47, 0.54

Note. The left two columns show the values for each feedback parameter, the middle two columns show the mass bins for the general Che\eEiLSap00 and
the CMASS-specic emulator inog,o(Mzoe:/M ) (*We note that halos with massesl0**M, are missing from the emulators due to the smaller volumes of the
CAMELS simulationy and the right columns show the redshifts included for both emulators. See Se@&iand 2.4 for further details.

emulators in Sectioris3and2.4, and how we use the emulator in particular that varies the fouastrophysical parameters,
to calculate derivativeiSection2.5) to constrain the feedback 0.25 (Asni, Aacny  4.00 and0.5  (Asnz, Aacnzr 2.0

processes through a Fisher analysis in Se@ién (see Tabldl). When the parameters are not being varied, they are
held constant at theducial amplitude of 1.0. The cosmological
2.1. Simulations parameters in th&P simulations are g= 0.8, ,,= 0.30, and

h = 0.6711 and are adopted throughout this work.

We emphasize that the original lllustrisTNG and SIMBA
simulations implement different models of feedback and use
different methods of solving thémagnetdhydrodynamical
equations, described further below.

The CAMELS suite contains several thousand simulations
that all vary different properties. Each simulation contains 34
snapshots from redshifts= 6 down to z= 0 and has a
comoving volume of(25Mpc/h)3. We note that this is a
smaller box compared to the volumes of the original
NlustrisTNG and SIMBA simulations, which have volumes .
of (_100Mpg/h)3, and as such, we are limited by not having 2.1.1. lllustrisTNG
many high-mass objects. The impacts of these limitations are ||jystrisTNG, following the original lllustris simulations
discussed below when relevant, and further discussion of thqyogelsberger et aP0143 2014k Genel et al2014), uses the
overall limitations of CAMELS can be found in Villaescusa- AREPO moving_mesh Cod@pnnge'ZOlQ Weinberger et al.
Navarro et al(202]). Halo and subhalo catalogs are generated 202() and includes many physical models such as gas cooling,
using FOF(Huchra & Geller1982 Davis et al.1983 and  star formation and evolution, magnetields, and feedback
SUBFIND (Springel et al200]) algorithms, similarly to the  from galactic winds, supernovae, and SMBH. The stellar
original simulations. . feedback parameters being varied in the CAMELS simulations,

TheN-body simulations of CAMELS vary the cosmological - Ay, and Ay, correspond to normalization parameters of the
parameters , and g, and the hydrodynamical simulations total energy injection rate per unit star formation, and the wind
additionally vary four astrophysical feedback parameters. Wespeed, respectively. These quantities are functions of redshift,
do not consider the impact ofy, and g on the CGM because  metallicity, and other factors described in more detail in
they will be highly subdominant on these scales. The pijjlepich et al(2018.
astrophysical parameters represent the amplitudes of the stellar The AGN feedback parametergn; and Aagna, corre-
and active galactic nucleuA\GN) feedback models with  spond to aspects of the lllustrisTNG low-accretion kinetic-
respect to the corresponding model of the original IllustrisTNG mode BH feedback model. THagy: parameter multiplies the
and SIMBA simulations. There are two stellar feedback feedback energy model, which is a function of gas density, star
parametersAsy; and Asnz along with two AGN feedback  formation density threshold, and the BH accretion rate. The
parametersiagny and Aan. More detailed descriptions for — a, .\, parameter multiplies the minimum injection energy after
each parameter can be found below, but in general, they refer tghe BH has accreted enough material to have a feedback event,
amplitudes of processes such as galactic winds and kineticyhich is a function of the dark matter velocity dispersion and
mode black hol¢BH) feedback implementations. Each of the enclosed mass within the feedback radius. Higher values for
parameters being varied is simply an amplitude multiplied by o, .\, mean fewer but more energetic feedback events. See
the baryonic models to either increase or decrease the amouR/einberger et al.(2017, Pillepich et al. (2018, and
of feedback with respect to the amount in the original villaescusa-Navarro et a[2021) for the full equations for
llustrisTNG or SIMBA simulation(i.e., the simulations with  each of these parameters.

Asny Asnz Aacnit, Aacnz= 1.0 have the same amount of
feedback as the original simulatjoAs noted in Villaescusa-
Navarro et al(2021), we emphasize that while the same names
and values of the different feedback parameters are used for SIMBA, following the original MUFASA simulationgDavé

both  CAMELS-lllustrisTNG and CAMELS-SIMBA, the et al. 2016, uses the GIZMO meshlesshite-mass code

de nitions and implementations of the baryonic feedback (Hopkins 2015 2017 and similarly includes many physical
models differ between the suites corresponding to theirmodels such as radiative cooling, photoionization heating, star
respective original simulation versions. formation and evolution, dust life cycle, and feedback from

Of all the simulations in the CAMELS suite, we focus onltRe galactic winds, supernovae, and SMBH. The galactic wind
set, which is a group of 61 sinations with the same initial feedback parameter values in SIMBA are based on the Feedback
random seed in which only one of the six parameters is varied at @ Realistic Environment§FIRE) simulations(Hopkins et al.
time. For our purposes of exploring how the feedback parameter2014). TheAgn: parameter modes the overall amplitude of the
affect the CGM, we focus on the subset of the 1P simulationsmass-loading factor, which scales with stellar mass, following

2.1.2. SIMBA

3
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Anglés-Alcazar et al(20170. Similarly to IllustrisTNG, the in front of and behind the halos. Then Mop-c-GT forward-
Asno parameter quantes the amplitude of the wind velocity, models these 2D prées to experiment-spead SZ signals
although it is computed differently using the circular velocity of through beam convolution and aperture photometry. See
the galaxy, following Muratov et a2019. The AGN feedback = Amodeo et al(2021), Schaan et al2021), and Moser et al.
parameters describe kinetic BH feedback in which gas particleg2021) for further details of the kSZ reconstruction and other
are ejected along the angular momentum axis. AR€n1 systematic uncertainties bfop-c-GT .

parameter adjusts the total momentumx, which is a function An example of projected SZ pries produced biop-c-GT

of the bolometric luminosity of the AGN following Anglés- can be seen in the bottom row of Figdrewith density proles
Alcazar et al.(20173, and theAagn2 parameter affects the projected into kSZ prdes shown on the left, and pressure
maximum jet velocity of the feedback event. See Davé et al.pro les projected into tSZ prdées at a frequency of 150 GHz
(2019 and Villaescusa-Navarro et §027) for further details shown on the right. We note that at this frequency, the tSZ effect

and equations for each of the parameters. results in a temperature decrement, thus we have negative
temperature values. These pes have been projected and
2.2. Simulated Thermodynamic Ples convolved with a Gaussian beafsee Sectior?.4 for more

details on beamsimply to show an example of the simulated

Here we describe the process of extracting halo mformatlonSZ pro les we are able to calculate and study.

from the simulations to construct three-dimensional radial
pro les and projecting them into observable SZ f#s. 23 CAMELS Prole Emulator
2.2.1. Three-dimensional Pries In Moser et al.(2021), the prole differences of various
samples and models were previously quadiby tting to a
generalized Navarr&renk-White (GNFW; Zhao1996 pro-

le. This process required prior knowledge of the GNFW
parameters obtained from previous simulatidagai et al.
2007 Battaglia et al2012a Battaglia2016, and further prior
émowledge along with manual experimentation to know which
parameters to leave free versused in the Markov chain
Monte Carlo(MCMC) ts. For the study presented in Moser
et al. (2021, this kind of parametric modeltting was
achievable and effective; however, the current study aims to
look at different proles varying many more parameters

We follow the process of Moser et €202]) in the extraction
of simulated halo information and construction of three-
dimensional thermodynamic pies. We use the repository,
illstack _CAMELS (a CAMELS-specic version of the
original, more general codéstack used in Moser et al.
2027 to extract and stack the halo gas density and pressur
information from the simulations and to create three-dimen-
sional radial density and pressure pes for the radial range
of 0.0110 Mpc. We note that this radial range was chosen to
cover the extent of SZ observations, but much of the two-halo

f(;) ?ﬁgb;gg'l;t ;ﬁﬁgtﬁ? I:/(\;\mln?sss?ﬁgggrr:ﬁ?gﬁlm o?1ue?h alo relevant to subgrid physical processes, masses, and redshifts,
: ! Y so the rigidity of parametric modetting was more limiting,

ro les were desired, one could simply only use the values at . . :
IF:)wer radii. An example of simulatpeé/ meydian density and especially in low-mass halos where the baryonic effects are

. ' expected to be signtant. Therefore, we developed a different
{Jr:gss#;ﬁ) f rdoefs &Zn t():i\lf/leEeCSI-nSItl\k}I%;?p sLoi'Yé O\fNilirI]gtlrrggé ses method to capture the differences of the principal components

o , of the pro les by deriving a prde emulator. For the purposes
11A\2 ][gg_g(k)hgzé,lgc /pl\ggmetg'glgé rr?ﬁisshlgér‘tic%;‘_’a‘: ‘f’:é)é'ggcﬁ‘%ara_of this study, an emulator is a multidimensional interpolator
SN1 : nd acts as a predictive model for the thermodynamidgso

meter, mass range, and redshift, the outer region of the densit? The CAMELS suite provides many simulations varying each

ggdlbeag? eass nn%(?ﬁ earg ':ﬁebi?"nr? g];e;;dw?]ﬁ rtgei n\é?éggi?]n (t)g et heof the parameters, but it is still a discrete grid of data points as
9 opposed to a continuous distribution. The emulator can

mass-loading factor can be seen to increase the density . X .
However, the variation of feedback amplitude can be seen toessenUaIIy interpolate between the data pofftata points

have a large effect in both radial limits of the pressurelpro meaning the prdes of individual simulations, representing a

The botlm ou of he gure Shows (e IS POIGEE 10 o a1 o oot et i
into two-dimensional SZ prdes, described further below. P ; p P plicitly
covered by the simulations. To construct the emulator, we

follow the process described in Heitmann et(aD09 and
Cromer et al(2021), in which the basis vectors of the ptes

The signals of the kSZ and tSZ effects are integrated alongare decomposed using principal component analfRGA,
the LOS, so we project our 3D pres into 2D proles of Karl Pearsor1903; see Jolliffe & Cadim&016for a review.
observable quantities similarly. We follow the process Following usual PCA, the prde is deconstructed into the
described in Moser et 2021, which we briey summarize principal components that are assigned weights to best match
below. We use the repositorfop-c-GT *® (Model-to- the pro le, and the weights are interpolated using a radial basis
observable projection code for Galaxy Thermodynamics function (RBF) interpolator. The principal components are
introduced in Amodeo et a{2021), to project the simulated sorted by decreasing variance, and the number of components
thermodynamic prdes into proles of temperature shifts in  kept is a modeling choice, which will impact the amplitude of
the CMB signal due to the kSZ and tSZ effects, shown in residual variance in the analysis. In this study, we proceed with
Equationg1) and(2). The 2D proles are computed from the 12 components, but note that adding more components does
3D pro les by cylindrically projecting 10 Mpc along the LOS not affect the results of the emulator. We use the repository
emu CAMELS" (a CAMELS-specic application of the

2.2.2. Two-dimensional Prtes

15 https!/ github.conmt emilymmosefillstack_ CAMELS
16 httpst/ github.comtsamodebMop-c-GT e httpst/ github.comemilymmoseremu_CAMELS
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Figure 1. This gure shows 3D prdes produced byllstack _CAMELStop row) and 2D proles produced byop-c-GT (bottom row for the subset of
CAMELS 1P simulations varying thégy; feedback parameter of the SIMBA framework. These are mediateprfor the mass rand@  log o(Mooa:/M -} 12.3

at redshifz= 0.54, and the gray band shows thedistribution of values for one of the pres. The corresponding radius values in megaparsec are shown on the top
axes of the bottom row for straightforward comparison. The values féstiygparameter are shown in the legend, with a value of 1.0 being the same amount of
feedback as in the original SIMBA simulation. Differences can clearly be seen in all thespioe to the variation of this particular subgrid parameter. We note that
the CAMELS suite, mass range, redshift, and feedback parameter variation shown gutéiare chosen only to illustrate the ges we are able to create and
analyze, and could be made for any combination of these selections using the data described in the Data Availability section.

repositoryostrich , used in Cromer et a021) to construct a large enough sample of halos to have stable trends in the
an emulator for each 3D prke type(density and pressyrand pro les. As previously mentioned, the small box sizes of the
each feedback parametéiny, Asnz Aacnt Aagnz) because CAMELS simulations limit our mass selections to objects with
the 1P simulations only vary one of the paramters at a time. halo masse$l oo 10"*Me, and the higher-mass bins have
The median and mean CAMELS ptes are generally different  signi cantly fewer objects than the lower-mass bins.

due to a small number of outlier halos, so we can build an A demonstration of the accuracy of the general CAMELS
emulator for each type of prte as well. The emulator emulator is shown in Figur2with mean density prdes from

interpolates the prdes it is given, so if a median prke the CAMELS-lllustrisTNG suite. These piles were calcu-
emulator is desired, we give it only the median fee, and lated for halos at redshi#t= 0.54 within the third mass bin
similarly for the mean prdes. 12.0 logy(Mzoa:/M.} 122 (see Tablel), varying the

We have constructed a general CAMELS peoemulator Asnz parameter. The top panel in thiggure shows the
that is a function of three quantities: feedback parametersimulated proles produced bylilstack _CAMELSas solid
redshift, and mass, described in Tahl&he current capability  lines, and the different colors correspond to a different,
of the emulator includes redshifts of the 10 snapshots availablédeedback value as described in the legend. The dashed lines
in the range 0 z 0.54. We chose four mass bins spanning show the emulator predictions for each of the feedback values
therangdl logy,(M/M.JL 13, which were chosen tohave when no information for the given pri is assumed.e., the
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lustrisTNG, 12 < 10g10(Ma00c/M o ) < 12.3, z = 0.54 increasing the number of LRGs observed to be on the order of
1074 == emuated several millions(DESI Collaboration et aR016 Levi et al.
—— ASN2 = 0.50 2019. Therefore, we model a sample of halos to match the
e —— ASN2 =0.57 physical characteristics of CMAS8urther described belgw
1072k — 2:'& = g‘;’: while forecasting signals for a larger survey of galaxies, such
ASN2 = 0:87 as DESI
10-%6| — ASN2 = 1.00 A result of Moser et al(202]) was that certain modeling
' — ASN2=1.15 choices of the sample are important to consider when
E ﬁzxi = igi interpreting the observed pies, particularly the mass-
S 10-77} st distribution matching of the observed sample. Therefore, to
‘::’ ASN2 = 2.00 appropriately model the CMASS sample, we build an emulator
g of halo mass-weighted pries following the same process
Q 10-2} \ described in detail in Section 2.3.4 of Moser et{(2021). As
\ the CMASS sample is peaked around the median redshift of
z= 0.55, we use prdes only from the corresponding
1077 simulation snapshots. Since we are using l@ofrom a single
N redshift and no longer interpolating over m@hse to the mass-
% distribution weightinyj the emulator is reduced to a 1D
107 . . : interpolation over feedback parameters. We refer to this
20F emulator as the CMASS emulator, but specify that it is
A actually an emulator for a CMASS-like sample in properties
15} [\ such as the mass distribution, but DESI-like in terms of the
5 ‘ ‘ better statistics of a larger number of observed objects.
& 10f \ SinceMop-c-GT forward-models the prdes as observed
< by individual experiments, we can use it to test the constraining
5L power of different beams, e.g., an ideal case of a Gaussian
beam compared to a more realistic beam with tails. When
ok emulating CMASS prdes from ACT, we convolve the

pro les with the ACT beam, which has non-Gaussian and

scale-dependent pries (Naess et al2020 Amodeo et al.

. — o e of th at . 2021, Schaan et a2021). We have the observed SZ ptes
igure 2. This gure shows an example of the emulator accuracy for mean

density proles of the CAMELS-IllustrisTNG suite, varying the feedback and error_bars from Amodeo et @023 and Schaan et al.
parameteAsy at redshifz= 0.54. In the top panel, the pries taken from the (2021, which have been convolved with the ACT bgaand

simulations are shown as solid curves, and the different colors represent ave can compare these pies (and the constraining power of

differentAgn, value, described in the legend. The emulator prediction for each the pro |e3 with forecasted prdes of a future experiment,

ihe peroent error for each emuiated feedback value s a functon of radieestic @S for the CMASHESIike sample observed by the

showing that for this particular sample, we are able to achieve accuraciesswnOnS ObservatorySO; Ad_e et a|'2019' In this case, we

of 10% for most of the radial range. We note that the CAMELS suite, mass Would Con.V0|Ve the prdes with a Gayssnan bea.m to ShQW the
range, redshift, and feedback parameter variation shown in ¢hige are best quality of observations possible for this experimental

chosen only to demonstrate an example of the emulator accuracy and could bSetup. We model the Gaussian beam to have an angular

made for any other combination of these selections. resolution ofl.d at a frequency of 150 GHz to match the
i forecasted SO experimental setup described in Ade et al.
pro le has been dropped when constructing the emj\ztod 2019. Since we do not have actual error bars for the SO

the bottom panel shows the percent errors as a function obyxperiment, we use the forecasted errors as derived in Battaglia

radius. For this particular example, the emulator is able togt g (2017, in which the authors use a semi-analytical

achieve an accuracy ofl0% of the proles for most of the  foreground model including contributions from primary CMB

radial ranggand even lower for the outer radial pojnts uctuations, extragalactic radio emission, and the cosmic
infrared background.

2.4. CMASS Emulator

We construct ariobservet] galaxy sample from which we

derive an emulator to model a CMASS-likeonstant stellar We quantify how the prdes change as a function of
mas$ sample with a number of galaxies expected to be feedback parameter by computing numerical derivatives. We
observed with the Dark Energy Spectroscopic Instrumentchoose a ducial value for each feedback parameigrchosen
(DESI; DESI Collaboration et a201§. The CMASS sample  to be 1.0, as it is the middle value for each feedback parameter
was observed by the Baryon Oscillation Spectroscopic Surveybeing varied (see Tablel) and equivalent to the ducial
(BOSS, Data Release 10; Ahn et @D14), and contains  amplitudes in the original lllustrisTNG and SIMBA simula-
hundreds of thousands of luminous red galafi€Gs) with a tions. Then we use the emulator to calculate f@® with
median redshift ofz= 0.55. SZ prole measurements have A= Agtx A where A is some small value in the feedback
already been made for the CMASS sam(#enodeo et al. parameter range. We chosé\ to be 0.1 forAgn: and Aagne
2021 Schaan et al2021), which was chosen to contain and 0.05 forAgn. andAacn2 to have step sizes small enough to
galaxies in the region covered by the Atacama Cosmologybe within the simulation range, but large enough to show
TelescopgACT). DESI will improve upon these statistics by differences between pries. Then we calculate numerical

2.5. Derivatives of Feedback Models
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derivatives of the emulated piies of the form 3.1. Constraints on Feedback Models with Near-future SZ
da  f(A) f(A) 3 Observations
AT 2w ) First, we forecast the constraints on the underlying feedback

, . models given observed piles. In Figure3 we show kSZ and
where f is the prole calculated by the emulator given a sz pro les from the CAMELS-lIlustrisTNG suite, varying the
feedback parameteh, A is the change in the feedback Agy,feedback parameter in the top row, and SZ ®from the

parameter value being varied around tldeicial point, A" is CAMELS-SIMBA suite, varying thé\agn. feedback parameter
equivalent toA,+ A, andA® is equivalent tcAyS A. The in the bottom row, as illustrations. These pes have all been
associated error term from this approximation is ab@@#?), weighted to match the mass distribution of the CMASS sample
but is much smaller in magnitude than the errors seen inand convolved with a Gaussian beami@. In all panels, the
Figure2. forecasted SO error bars at 150 GHz are plotted in purple. It can
be seen that for most radial bins, the error bars are smaller than
2.6. Fisher Analysis the spread of prdes varying the feedback parameters, indicating

. ] . that with this level of precision, we will be able to constrain these
Fisher matrix anaIySQEISheﬂQSS see Tegmark et al997 thermodynamic processes.

for a review are extremely valuable and widely used in

astronomy. They allow forecasting constraints of future

experiments, along with estimating the magnitude of errors 3.1.1. Derivatives and Constraints

necessary for a desired sigoance of measurement. In general, ) .

the process is to combine derivatives of the thermodynamic 10 quantify the forecasted constraints, we follow the
pro les as a function of feedback parameter with an observed®rocesses outlined in SectioA$ and 2.6 using the CMASS

(or forecastepcovariance matrix of the experiment. To forecast €mulator. In Figuré we show a visualization of the derivatives
the constraints of the CMASS emulator, we use the covariancdor €ach parameter to display how each is affecting the shape of

matrix of forecasted errors for the SO experiment of Battagliathe radial proles. The top row of the gure shows the
et al. (2017). derivatives for the kSZleft) and tSZ (right) pro les from

the rst line showing the kSZ matrix, the second line showing derivatives for CAMELS-SIMBA prdes. We note that all
the tSZ matrix, and the last line showing the total Fisher matrix derivatives were taken at thelucial value for each feedback

as the combination of the kSZ and tSZ matrices, parameterA= 1.0, and that these values could change if they
were calculated at other points in the parameter space. The
FS? o $(R Cd) $(R) different colored arrows show the derivatives by direction and
Tk R.aR 2/ aRya zspk magnitude for each parameter, described in the legend, and the
da

gray band shows the forecasted SO errors at 150 GHz, also
FS2 o s (R) (Csd) R $(RY. (4) shown in Figure8. We further note that in thisgure, a positive

jk Te sz) aRya R, arrow (arrow pointing upindicates an increase in the amplitude

otal kgz Sz of thg prole for an inc.rease in the given parameter, and a
F F F negative arrowarrow pointing dowphmeans a decrease in the
wheref ( o) is the projected density or pressure peagiven an amplltude of the prde for an increase in t_he given parameter.
aperture 4, (C 1) r, is the inverse covariance matrix for the This gure shows th'at fpr each pie and simulation suite, we
aperture photometry lter being used(we have different see a unique combination of effects from the changes in each

: i for kSZ and 1SZ ob i h §arameter, in both direction and magnitude, which helps to break
covariance matrices for anc observations, ShOWn ayeqeneracies in the parameter space. In nearly all panels, we see
the top and middle lingsandp; is thej™ parameter being

} . larger derivatives of th&gy, parameter, shown by green arrows,
forecasted. We note that the total Fisher analysis does nofyhich should lead to tighter constrairfalong with Axgnoz
include the covariance between the kSZ and tSZ observationsshown by purple arrows for SIMBAIN nearly all panels, we see
The joint SZ measurements by Schaan €28R1) showed that relatively small derivatives fromMacn:, Which should lead to

this covariance is not negligible. However, it is expected thatwider constraints.

future CMB observations will have sudfiently more frequency How well a parameter is predicted to be constrained depends
coverage that component separation will largely suppress sucRn the ratio of its derivative with respect to projected
covariance¢Ade et al.2019. We then plot the contours of the Measurement erro(see Equatior{4)). These projected error

constraints in a corner plot using the repository GetDist bands are shown .W'th gray bands in Figdrt can be seen
(Lewis 2019. that the emulator is typically more sensitive to changes in the

inner radial region of the SZ observations than the outer. It is
3 R important to note that the inner radial ranges of these forecasted
. Results ; X
measurements probe the outer, largely unconstrained regions of
We show the forecasted feedback model constraints of @ahe CGM. These forecasted constraints on the outer region are
CMASSY DESI-like sample observed by SO in Secti®iq, still more sensitive to changes in the outer peadhan X-rays
including further exploration of the contribution of different (i.e., the X-ray sensitivity falls off much more rapidly with
radial components of the pries. We show the comparison of radiu9. For the kSZ proles, the errors increase as the radius
SZ pro les calculated from the CAMELS simulations to increaseqdue to primary CMB uctuations and covariances;
observations in SectioB.2, and derive the combination of see Schaan et aRk021), and the derivatives decrease in
parameters resulting in the be$i€AMELS pro le to the ACT magnitude as we increase in radius. The errors on the tSZ
observations. pro les are signicantly smaller than the kSZ errors, but we
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Figure 3. This gure shows kSZleft) and tSZ(right) projections varying feedback parameters for the CAMELS-lllustrisTNG &ajte varyingAsyi) and the
CAMELS-SIMBA suite(bottom, varyingAagnz). The pro les have been weighted to match the mass distribution of the CMASS sample. The limits are shown in
Tablel and the process is described in Sectigh The forecasted SO error bars are shown in purple in each(paaebectioR.4), indicating that with this level of
sensitivity, we will be able to differentiate and constrain these models.

can also see that the emulator is more sensitive to changes imcreasé®agn1 (€Nergy per BH accretion ratehe density and

the pro les for certain radial points. pressure decrease, which suggests that this parameter is
While the magnitudes of the derivatives do have an effect onpushing gas out into the IGM. Fd¥sn2 (wind speedl we

the Fisher analysis, they are not the only important details insee similar but stronger trends th&g,, in which the gas is

determining the level of constraint we are able to achieve. Anybeing built up. ForAxcn2 (ejection speddurstiness we see

feature the emulator could identify to differentiate the shapes ofsimilar but slightly stronger trends than f@gni. For

the proles, such as the irction in the derivatives of the CAMELS-SIMBA, as we increashsy; (mass-loading factyr

Aacn2 parameter in the SIMBA tSZ prtes, could lead to  the density is slightly increased in the inner region, and

tighter constraints, and any degeneracy in the lpsodue to pressure is slightly decreased for most of the radial range.

variations of the parameters could lead to wider constraints. Similarly to lllustrisTNG, the increase in density could be due
For CAMELS-lllustrisTNG, as we increasgn: (energy per  to less of the gas being converted into stars and thus more gas

star formation rate, SHRhe density and pressure also increase, circulating through the CGM, but for SIMBA, this effect does

which suggests thakgy, is heating the gas and suppressing not propagate to larger scales as it does for lllustrisTNG. The

SFR, leaving more gas that has not converted into stars. As welecrease in pressure could be due to enhanced cooling, perhaps

8
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Figure 4. This gure shows the derivatives for each parametar=atl.0 by the colored arrows for kSft) and tSZ(right) pro les of CAMELS-IllustrisTNGtop

row) and CAMELS-SIMBA (bottom row. Positive arrows indicate that an increase in that particular feedback parameter leads to an increase in amplitude of the
pro le at that particular radial point. Small derivatives are indicated by a hexagonal point close to zero, and the gray error band in each panetestastectiso

errors of the proles. This gure shows that the emulator for each suite andi@riype is sensitive to changes in each of the parameters differently, leading to the
different levels of constraint we are able to achieve.

from the higher gas density drat higher metallicity because Figure 4 can be understood in tandem with Figlein

the winds are transporting metals out of the interstellar mediumwhich we combine the derivatives into a Fisher matrix to
more ef ciently. For SIMBA, the primary effect from AGN compute the forecasted constraints. The left corner plot shows
feedback is to change the amount of hot CGM baryons. As wethe forecasted constraints for CAMELS-IllustrisTNG, and the
increaseéAagni (MOomentum ux), we see similar trends to the right plot shows the constraints for CAMELS-SIMBA. Like the
changes inAagn: for llustrisTNG, suggesting that this derivatives, we see different levels of constraints for each
parameter is also pushing gas out into the IGM. As we increaseparameter and differences between the two CAMELS suites in
Asnz (wind speell we see similar trends to the changeadg. general. First, in the left corner plot for CAMELS-

for lllustrisTNG, in which the gas is being built up and not IllustrisTNG, we see strong degeneracies among the parameters
converted into stars. It has been shown that for halofrom individual measurements, particularly for k$@ray
masses 10"M., the AGN feedback in SIMBA tends to contour$. This is not entirely unexpected, as the parameters
strongly remove baryons from hal®orini et al.2021). As we being varied in the CAMELS simulations are only amplitudes
increaseAagn2 (jet speell we see a large decrease in density of the feedback processdsee Section2.1 and references

and large decrease in pressure in inner regions, in qualitativéherein for denitions), and as such could result in the same
agreement with IllustrisTNG, but the pressure increases in thero le shape, only varying in amplitude. Additionally, it can be
outer regions. This removal of baryons could be accompaniedseen that the tSZ measurements provide tighter constraints than
by another mechanism such as shocks heating the outdéepro the kSZ measurements, which is expected due to the smaller
resulting in the inection and increase of pressure. Addition- tSZ error bars seen in Figur8sand4. In order to break the

ally, jets in SIMBA are collimatedChristiansen et aR020, degeneracies so that we obtain usable constraints, we need to
which may imply a lower ability to heat up gas directly in the combine both kSZ and tSZ measurements, which can be seen
inner region(hence lower pressyravith higher velocity jets,  as the blue contours. We are able to achieve a 34% constraint
while more efciently heating gas farther out as the jet cocoon for Agny, 54% constraint foAxgn1, 6.8% constraint foAgny,
expands. It is possible that there are also environmental effectand 70% constraint fokagno, all using a Gaussian beam. The
given the long-range effect of jet feedback in SIMEBorrow more realistic ACT beam yields slightly wider constraints; see
et al. 2020, with stronger jets from other halos reaching the Table2 for the direct comparison. As shown by the derivatives
outer prole of a given halo. in Figure4, these proles are most sensitive to changes in the
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Figure 5. Corner plots showing constraints from the CMASS emulator for CAMELS-lllustris(léisand CAMELS-SIMBA(right). The different colored contours
show the constraint for the feedback parameter using onlyd&®¥), only tSZ(red), and the combination of kSZ and t#aue). Since the degeneracies are strong in
the left corner plot for CAMELS-lllustrisTNG, we included the combined constraints of CAMELS-lllustrisTNG to the CAMELS-SIMBA coregipipane) to
show their combined constraints on the same scale. Thedegpend derivatives were calculated using a Gaussian beam, antl tivalue of the distribution for
each parameter using the combined constrgbite contoursis shown above each panel on the diagonal and listed in Pallée expect that with future
observations, we should be able to place constraints within the 10% level on these subgrid models.

Table 2
Constraints on Each Parameter from the CMASS Emulator Comparing the Ideal Gaussian Beam and the AG&eB8aatior2.4) and the Constraints of the
Different Radial Componen{S$ee Sectior3.1.2

CMASS Emulator % Constraints

Simulation lllustrisTNG SIMBA

Beam Model Gaussian ACT Gaussian ACT
Radial Range Inner Outer Total Total Inner Outer Total Total
Asnt 41 89 34 47 35 uc 31 41
AacN1 95 ucC 54 76 27 uc 23 46
Asnz 10 35 6.8 10 10 21 8.3 10
Ancnez uc uc 70 81 8.2 85 7.0 8.9

Note.“Total' means the entire prée is used in the analysis, and the percent constraints are the 1.0con dence of the blue contoufsombined kSZ and t§Z
shown in Figures for the Gaussian beam. Thienef’ and“outef constraints of the Fisher analysis using the Gaussian beam are shown ir6Fidiucenstrained
parameters with percentages higher than 100 are indicaté#iCas

Asnz parameter, resulting in the tightest constraint, and they argparameters. However, we can make the comparison of the

least sensitive to changes in thggn, parameter. overall constraining power of the emulators for each suite. The
The right corner plot of Figuré shows the constraints for CMASS emulator of the SIMBA prdes is able to achieve

the pro les of the CAMELS-SIMBA suite. We do not see the tighter constraints on each of the paramefexsept forAgny)

same level of degeneracy among the parameters as for theompared to the CMASS emulator of the IllustrisTNG pes,

NustrisTNG pro les, which could lead to the overall better indicating the SIMBA proles are more sensitive to the

constraints. We are able to achieve a 31% constraimtsier, changes in these parameters than the IllustrisTNGgwolt is

23% constraint foAxgn1, 8.3% constraint foAgy,, and 7.0% well-known within CAMELS that SIMBA has a stronger AGN

constraint forAagnz. These proles are most sensitive to feedback implementation, while for IllustrisTNG, the AGN

changes in theAgn, and Axgnz parameters(seen by the  feedback has a milder effect in general.

derivatives of Figure4), but the others are also well All pro les used in Figured and5 were computed with a

constrained. Gaussian beam, but we also forecasted the constraints using the
We note again that the physical meanings of the four ACT beam (see Section2.4) to see exactly how much

feedback parameters are different between the CAMELS-constraining power we lose due to the imperfections of the

lllustrisTNG and CAMELS-SIMBA suites, so we cannot beam. We list the constraints in TaBlelerived by using both

directly compare the constraints of the correspondingbeams for direct comparison; it can be seen that the Gaussian

10



The Astrophysical Journal, 933:133(15pp, 2022 July 10 Moser et al.

Figure 6. Corner plots showing constraints from the CMASS emulator for CAMELS-IllustrisTI8I§ and CAMELS-SIMBA (right) for the different radial
components of the prdes, as discussed in Secti®ri.2 The blue contours show the forecasted constraints of the feedback parameter using the ler{gvpaod
of 3), and the red contours show the forecasted constraints using the outer phese proles and derivatives were calculated using a Gaussian beam, and the
value of the distribution for each parameter is shown above each panel on the diagonal and is liste®irtTalnidoe seen from all panels that the inner f@o
provides tighter contraints than the outer peo which is expected due to the smaller error bars.

beam yields tighter constraints for each suite and parametergonstraining power of the outer pites is diminished. Second,
which is expected due to the higher signal-to-noise ratio of theboth the SN and AGN subgrid feedback models are centrally
pro les and to the level of precision. located, therefore the effects from these models are concen-
trated in the inner prde, as we can see in the derivatives of
Figure 4. The derivatives tend to decrease as the radius
increases, which leads to wider constraints for the outer radial

We further explore the forecasted feedback parametercomponent.
constraints by calculating which radial component of the This is an interesting result and highlights the complemen-
pro le is contributing more to the constraints we see in tary nature of SZ and X-ray analyses. X-ray observations can
Figure5. We radially split the derivatives being input into the provide more information on the inner pte because they are
Fisher analysi¢see Equatiorf4)) to have“inner’ and“outef more sensitive to the higher-density gas in these regions. With
components, and repeat the process described in S2diimn the size of the forecasted SO error bars, it is clear that the inner
each component. Here, we ae the“inner’ component to be  pro le contributes most of the constraining power, but we still
the SZ proles inward of 3 and the*outef component to be  need the combination of the two components to achieve the
the other half of the prde ranging from 3to 5. This cut was tightest possible constraints. As can be seen ifi@aissiah
chosen to have an equal number of SO radial bins for eachcolumns of Table, the constraints from using the total ple
component, so thénnel’ and“outet’ parts each contain three are better than those from either of the individual components
radial points(see Figured). alone.

The constraints from each component are shown in Fgjure
with the results from CAMELS-IllustrisTNG on the left and . . . .
CAMELS-SIMBA on the right. The blue contours show the 3.2. Comparing CAMELS Simulations to Observations
forecasted constraints from the inner pep and the red We calculated simulated kSZ and tSZ ges as described in
contours show the forecasted constraints from the outelepro  Section 2.2 for pro les varying each of the feedback
both combining the information from kSZ and tSZ. The 1 parameters. In Figuré we compare the prdées from the
constraints for the inner prée are shown on top of each panel CAMELS-IllustrisTNG simulations varying thégn. para-
on the diagonal, and both inner and outer constraints, alongneter(as an illustration; see the dotted and solid colored)lines
with those from the entire prée, are shown in Tabl2. It can to ACT observations with errors at 150 Gi#gmodeo et al.
be seen from the Fisher analysis of this san{pligh the 2021, Schaan et al202]) in black and the prdes from the
forecasted SO error bars in particyldvat the inner prde is original lllustrisTNG(box size 100, resolution) 3imulation in
more sensitive to the changing feedback parameters and thusd(see Moser et ak021and Figure 6 of Amodeo et &021).
has more constraining power than the outer fgroT his could Additionally, using the emulator, we derive the combination of
be due to a few reasongst and foremost, as seen in Figuses feedback parameters that results in the bédb the data,
and4 and as mentioned previously, our error bars increase inshown as dashed blue and green lines. All j[@® were
size as we increase in radius. With larger errors, thecalculated at redshit= 0.54 and weighted to match the mass

3.1.2. Radial Information Content
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Figure 7. This gure shows simulated CAMELS kS&ft) and tSZ(right) pro les of the CAMELS-IllustrisSTNG suite varyinsy, compared to observed pies

from ACT and proles from the original lllustrisTNG simulation. The ACT data and errors at 150 GHz presented in Amodgdetlednd Schaan et aR021) are

shown in black, along with the prtes from the original lllustrisTNG simulation shown in red. The dotted lines show the origindg@mmputed from the
CAMELS simulations, and the solid lines show the original [@® rescaled to account for differences in simulation volumes, described in Seztibime dashed

blue and green curves show the beastro le derived by the CMASS emulator for CAMELS-IllustrisTNG and CAMELS-SIMBA, respectively, and demonstrate that
the simulations underpredict the observations for any combination of parameters within the range explored by the CAMELS simulations. We setectiiat to

show theAgn, parameter was simply an illustration of the comparison between the simulations and observations, gureé thisild be made with pries varying

any of the other feedback parameters to show similar results.

distribution of the CMASS sample, although the original the observations, but at larger radii, the kSZ and tSZlpso
lllustrisTNG pro les include the additional high-mass halos predicted by the simulations are sigrantly lower in
that are absent from the CAMELS simulations due to the amplitude than the measurements. We note that as discussed
smaller simulation volume, discussed further below. All earlier in Sectior2.6, the error bars shown here have non-
projections of the simulated pres were convolved with the  negligible covarianceSchaan et ak021), so“chi by eyé is
ACT beam, and the tSZ projections include a dust contributionnot advised. As mentioned in Amodeo et 021, the
(Amodeo et al2021; Schaan et ak021). Since the proles are discrepancy is not statistically signant for the kSZ, but it is
coming from the simulations, they automatically include a two- for the tSZ. The differences between the original CAMELS
halo term contribution. pro les and the observations are helped by our rescaling, but
It can be seen in Figurgthat there is a signcant difference  they are all still underpredicting the measurements. These
between the original lllustrisTNG10@ed and the original  simulations were not necessarily calibrated to match these
CAMELS pro les(dotted. The discrepancies in these speci  speci c observations. However, although CAMELS explores
pro les are mainly due to the difference in simulation volumes some of the feedback parameter space, differences between the
and evolutionary histories of the halos, along with less simulation predictions and observations persist and are
signi cant (  10% effects from resolution differencedsee statistically signicant for the tSZ. The origin of these
Figurel of Moser et al.2021). Therefore, to account for the differences remains an open question.
lack of massive halos due to differences in simulation volumes, Last, we combine the individual emulators for each
we perform a rescaling of the CAMELS pites to what we parameter being varied in the CAMELS suite into one emulator
would expect them to be for the larger volume of the original to attempt to nd the combination of parameters resulting in the
llustrisTNG100 simulation. We calculate the rescaling factor best- t CAMELS-simulated prde to the ACT data, shown by
by dividing the original lllustrisTNG projected SZ pte by the dashed blue and green lines of Figdrewe tune the
the ducial CAMELS projected SZ prte, i.e., the prole for parameters based on their known effects on thelgg¢shown
the simulation withAgy,  1.0. Then we multiply all of the  explicitly in Figure4) and calculate the ? of the emulated
CAMELS SZ proles by the rescaling factor, shown by the pro le to nd the best combination. The purpose of this
solid colored lines in the gure, effectively increasing the exercise is to qualitatively show how we can adjust thelpso
amplitudes of the original CAMELS prtes to be closer to that  with the emulator rather than be a quantitative study because
of the original lllustrisTNG prde. We use the same rescaling there are caveats that make a full quantitative analysis not
process for the CAMELS-SIMBA prdes, as we expect the viable. First, the emulator is built on th® simulation proles,
same type of discrepancy due to the smaller simulation volumemeaning that it is only trained on pies varying one of the
of the CAMELS suite. We note that the rescaling of the parameters at a time. As such, it cannot emulate nonlinear
CMASS emulator does contain additional uncertainty that isrelations between the parameters, which could further change
not included in this analysis. the shapes of the pries. Second, the emulator can only
Similarly to the results discussed in Amodeo e(2)21), at interpolate the prdes it is given, so it is difcult to drastically
smaller radii( 2), the simulated prdes relatively agree with  change the shapes of the ples, particularly the outer prées,

12



The Astrophysical Journal, 933:133(15pp, 2022 July 10 Moser et al.

for which the simulations signtantly underpredict the we are able to achieve, given certain error bars. We also show
observations. Last, the errors on the ACT measurements arBow the constraints vary with the convolution of different
roughly an order of magnitude larger than the forecasted SCheams, testing the ACT beam against a more ideal Gaussian
errors, where we were obtaining constraints ranging frombeam. In Figuré we show the forecasted constraints from the
dozens of percent to 6 percent. Thus, performing likelihood- combination of tSZ and kSZ prtes, and nd that for both of
tting analyses would provide noninformative constraints onthe beams, we are able to achieve constraints X% on
the subgrid parameters. certain parameters. We list the constraints for each beam and
With the above caveats in mind, the best attempts fdrta suite in Table2, and nd that the constraints are indeed tighter
the observations can be seen in the Figuae dashed lines. For  when using a Gaussian beam compared to the ACT beam.
the kSZ proles, the simulations all provide a roughly equal ~ We also explore the different radial components of the
goodness of it, with the CAMELS-lllustrisTNG pile providing  pro les contributing to the constraints by performing separate
a slightly better t than the original IllustrisTNG and CAMELS-  Fisher analyses for the inner and outer fgs, shown by
SIMBA. The 2 values for the original lllustrisTNG, CAMELS-  Figure6. We nd that for this sample and errors in particular, a
lustrisTNG, and CAMELS-SIMBA with respect to the.observed higher percentage of the constraint is coming from the inner
kSZ prole are 11.37, 11.23, and 11.98, respectively. The pro |e (inward of 3) compared to the outer prie. This is due
parameter combinations for each of these |pm are[Asny, to the error bars increasing in size as we increase in raditis and
Aneni Asnz, Aagnd  [0.84, 1.13, 1.74, 1.02or CAMELS- o the fact that all of the feedback models are centrally located,
lllustrisTNG and[0.69, 0.25, 2.00, 0.3Gor CAMELS-SIMBA. g4 the effects are concentrated in the innerlprddowever, we
For the tSZ, it can be seen that none of the S|2mulat|ons provides &g still need the combination of both inner and outer
good t to the observed data beyond Zhe < values for the  components to result in tighter constraints than either
original lllustrisTNG, CAMELS-lllustrisTNG, and CAMELS- component alon¢compare théInnef’, “Outef, and“Total
SIMBA are 324.21, 248.39, and 202.99, respectively. Similarly, -5jumns of Table).

the parameter combinations for these béstare[0.25, 1.00, We show the comparison of the simulated CAMELS fes
1.00, 1.09 for CAMELS-IllustrisTNG and[1.00, .00, 1.00, 15 the abserved i
prdes from ACT in Figure’ and nd that the
élmBZ)r CA(;\AE]LS(;S'ME;’A' Trl‘_e zest—;r pro”Ie ;‘orhCAMELS— simulated CAMELS proles underpredict the observations in a
used the ducial amplitudes for all of the parameters g jjar way as the original lllustrisTNG simulation. Addition-

except forAacna, Which had the value of 1.74, close to the all ; C
. , Do y, we determine the combination of feedback parameters that
maximum of 2.00 explored in CAMELS. The tSZs indicate results in the bestt of the CAMELS simulations to the

that with the variation of the feedback parameters allowed by theobserved proles, and nd that for kKSZ, we are able tad a

t(rjérl\{l Etlﬁg Sgr'it ei,nge Iﬁlrjitﬁg'll?th psri?gﬂg ?ioan bs\fﬁmstgf S:Itjes slightly better t from CAMELS-IllustrisTNG than the original
9 " IlustrisTNG simulation. For the tSZ prtes, we are able to

However, these values for the tSZ ges are high, even for .
the best t of CAMELS-SIMBA. We emphasize that even with nd a better t to the observations from CAMELS-SIMBA
compared to the original lllustrisTNG, but in general, none of

the most extreme amplitudes being varied by CAMELS, the simulated prdes are able to provide goods. To match
including the strong feedback model in SIMBA, we were unable P P! goods. 10
the current kSZ and tSZ observations, the simulations need to

match th 4 rvations. ) : . .
to match the 1SZ observations be able to predict both higher gas density and pressure in halos.
. _ _ The 1P CAMELS simulation set offers a wide range of
4. Discussion and Conclusions parameter variation, so it is important to investigate further why
In this study we aim to forecast constraints of the these simulations cannot match the observations. As previously

thermodynamic feedback processes occurring within theMentioned, a few limitations to this study include the small
CGM with simulated SZ prdes. We calculate density and simulation volumes, resulting in only few high-mass objects,
pressure prdes from the CAMELS suite of simulations that and the emulator being built on tHeP set, which is only
varies four different feedback parameters, and then project th§€nSitive to changes in one parameter at a time. One possible
pro les into observable kSZ and tSZ phes, shown by future experiment would pe expandmg these methods to
Figurel. We derive a general emulator for CAMELS ples construct an emulator on simulations that vary more than one
that can produce a meanedian density and pressure deo ~ Parameter at a time, such as the CAMELS Latin-hypercube
for any given redshift, mass, and feedback parameter within thdL-H) set. This LH set contains 1000 simulations varying all six
ranges shown in Table to an accuracy of 10%, shown by ~ Parameterg(four astrophysical and two cosmological para-
Figure 2. This level of accuracy is better than previous Meteryand could potentially capture differences in the fgs
parametric tting attempts in lower dimensional spaces, for due to changes in multiple parameters at once. .
example, tting formulas used for intracluster medium gdes In future studies, the constraints on feedback processes in the
(e.g., Nagai et aR007 Battaglia et al2012h Battaglia2018. CGM and IGM would improve with higher-quality observa-
As an example for a sped observed sample, we derive an tions (including smaller error barsand the combination of
emulator for a CMASS-like sample with a DESI-like number different observations such as SZ and X-ray to focus on the
of galaxies as observed by ACT and the future SO experimentdifferent components of the radial ptes. X-ray observations
We show the simulated tSZ and kSZ pes along with will be useful in constraining the inner regions because they are
forecasted SO error bars in Figue highlighting that with more sensitive to the higher-density gas and they have higher
these observations, we would be able to distinguish among alangular resolution than SZ observations. Current data sets such
of the different astrophysical models being varied by as the eROSITA Final Equatorial-Depth Surv@FEDS;
CAMELS. We use the emulator to calculate derivatives of Predehl et al2021 Brunner et al2022 have the potential to
the pro les as a function of feedback parameter, and combinefurther constrain these astrophysical models. Additionally,
the derivatives into a Fisher analysis to quantify the constraintscombining density and pressure information with other types of
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